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A B S T R A C T
Motor speech requires numerous neural computations including feedforward and feedback control mechanisms.
A reduction of auditory or somatosensory feedback may be implicated in disorders of speech, as predicted by
various models of speech control. In this paper the effects of reduced somatosensory feedback on articulation and
intelligibility of individual phonemes was evaluated by using topical anesthesia of orobuccal structures in 24
healthy subjects. The evaluation was done using a combination of perceptual intelligibility estimation of con-
sonants and vowels and acoustic analysis of motor speech. A significantly reduced intelligibility was found, with
a major impact on consonant formation. Acoustic analysis demonstrated disturbed diadochokinesis. These re-
sults underscore the clinical importance of somatosensory feedback in speech control. The interpretation of these
findings in the context of speech control models, neuro-anatomy and clinical neurology may have implications
for subtyping of dysarthria.
1. Introduction
The production of motor speech requires a coordinated and in-
tegrated action of multiple subsystems, including respiration, phona-
tion, resonance and articulation. Speech production is critically de-
pendent on neural computations in anatomically and physiologically
connected areas of the brain underlying the spatial and temporal as-
pects that lead to intelligible speech. Early attempts to provide a model
for speech control highlighted the necessity to include oral somato-
sensory as well as auditory feedback, as illustrated in the servo-me-
chanistic theory by Fairbanks (1954). The role of somatosensory (pro-
prioceptive) feedback was further elaborated in the target hypothesis
by MacNeilage (1970), who proposed both open and closed loop ele-
ments in motor speech control, allowing the targeting of predefined
endpoints for articulation through various routes, dependent on prior
positions of articulators and the required time constraints.
Later efforts to describe the physiology of motor speech benefited
from technological advances in neuroimaging and neurophysiology,
and mainly concentrated on word production. This resulted in various
models of information flow between regions that are involved in
movement processing and acoustic-phonological processing
respectively (Dell, 1986; Indefrey & Levelt, 2004; Levelt, Roelofs, &
Meyer, 1999). The awareness and demonstrations of the general prin-
ciples of motor learning and movement physiology underscored the
involvement of feedback processes and additionally demonstrated the
importance of feedforward mechanisms (Desmurget & Grafton, 2000).
The DIVA model (Directions Into Velocities of Articulators, Fig. 1)
provides a comprehensive and unifying schematic account of the ex-
isting data, resulting in a neurocomputational and neuroanatomical
network model for the acquisition and production of motor speech
(Tourville & Guenther, 2011). The basic prediction of the model is the
formation of a repository of sound maps, based on auditory and so-
matosensory feedback. This repository enables the production of speech
by means of feedforward mechanisms. Clinical case reports and re-
search studies have used the DIVA model as a theoretical framework for
investigating the effects of disrupted feedback mechanisms on the de-
velopment of speech in children and on speech characteristics and in-
telligibility in acquired disorders (Tourville & Guenther, 2011). Pre-
lingually deaf children constitute a typical example of a defective
development of the speech sound map, since auditory feedback is not
available. This impacts on the phonemic repertoire and leads to omis-
sions of consonants in the word-final position and to substitutions of
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vowels and diphthongs (Nasir & Ostry, 2008). The errors more fre-
quently occur in more posteriorly located consonants than in labial and
labio-dental consonants. In a fully developed system of feedforward and
feedback control mechanisms, disrupting the auditory feedback can be
predicted to lead to a mismatch between the auditory target and the
auditory state leading to an adjustment of motor commands by means
of an auditory error map which the DIVA model locates in Heschl’s
gyrus and the posterior superior temporal gyrus. Similarly, the inter-
ference with somatosensory feedback may impact on motor speech by
creating a mismatch between the somatosensory target and the actual
position of articulators. A somatosensory error map in the ventral
sensorimotor cortex and supramarginal gyrus may contribute to ad-
justments of articulatory positions and movements.
There are a number of important implications that follow from the
model, some of which can be compared to phenomenology in non-
speech and non-oral domains of motor control.
First, although the speech sound map is primarily left lateralized
(Ghosh, Tourville, & Guenther, 2008; Hillis et al., 2004), the feedback
control system is rather lateralized to the right hemisphere
(Golfinopoulos et al., 2011; Tourville, Reilly, & Guenther, 2008). This
indicates that there should be differences in dysarthria resulting from
left and right hemisphere lesions. There are multiple indications that
indeed dysarthria in adults results most frequently, but not exclusively,
from lesions within the left hemisphere, and that dysarthria may be
more severe in cases with left hemispheric disorders, indicating a major
interference with the feedforward commands from the speech sound
map (Long et al., 2016; Urban et al., 2006). However, after left hemi-
sphere lesions, a shift towards a right sided network can be detected,
possibly reflecting a transfer to more feedback-related mechanisms
underlying compensation of a defective left-hemispheric network
(Riecker, Wildgruber, Grodd, & Ackermann, 2002). To our knowledge,
differential effects of left and right hemispheric lesions on dysarthric
phenomena, especially with reference to the effects of feedback me-
chanisms, have not been reported in the literature.
Second, the DIVA model implicates a role for the cerebellum at
various levels. There is not only its role in motor coordination during
movement execution (Ackermann, 2008), but also its role in the for-
mation of auditory and somatosensory target maps to be compared with
the actual state maps. Cerebellar lesions, especially in the right superior
areas, are well known for evoking ataxic dysarthria (Ackermann, Vogel,
Petersen, & Poremba, 1992). This location is commonly reported to be
active during speech tasks when investigated with functional neuroi-
maging techniques. In the DIVA model, this activity is hypothesized to
be related to feedforward control mechanisms during speech
Fig. 1. Schematic representation of the DIVA model, with its neural correlates (represented from Guenther, 2016).
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production (Ghosh et al., 2008). Converging evidence suggests a second
cerebellar activation focus in the inferior paravermal area. This was
especially the case in studies using disruption of auditory (Tourville
et al., 2008) and somatosensory feedback (Golfinopoulos et al., 2011),
suggesting a role for this area in feedback control.
A third implication is the crucial position of feedback mechanisms,
as was predicted in the early models of motor speech control. When
error maps are no longer fed by sensory input, no comparison is pos-
sible with target maps. At this point the situation is comparable to what
happens in other motor domains when somatosensory input is pertur-
bated. The classical example is the alteration of locomotion in patients
with sensory neuropathy of the lower limbs (Grimme, Fuchs, Perrier, &
Schöner, 2011). Gait may be fairly normal when vision allows for
compensation, but in the absence of visual feedback locomotion may
become markedly abnormal with an ataxia-like pattern, called sensory
ataxia (Bastian, 1997). This example demonstrates the fact that feed-
back mechanisms may not function independently, and even display a
hierarchical pattern. In the DIVA model both auditory and somato-
sensory feedback are given the same weight in their convergence to-
wards the feedback control map, but earlier research sheds doubt on the
validity of that assumption. With respect to the comparison of soma-
tosensory feedback mechanisms during speech with those in non-oral
and non-speech motor phenomena, one additional important difference
is to be addressed. In non-oral movements, somatosensory feedback is
largely dependent on proprioceptive input, which can be defined as a
sense of the position and the movement of body parts, conveyed by
mechanosensory receptors in muscles, tendons, and joints (Tuthill &
Azim, 2018). In the oral domain, proprioception per se only occurs in
peridental structures and mechanoreceptors in the masseter muscle and
the temporomandibular joints, where it is mainly involved in feedback
on tooth pressure and biting force. The sense of position of the oral
structures in rest and during movement is rather dependent on the near-
continuous self-touch of oral structures, leading to a general sense of
“oral sensorimotor awareness” (Haggard & de Boer, 2014). This in-
dicates that interference with oral sensation, and more specifically
tactile sensation, will impact on somatosensory feedback concerning
the spatial location of oral structures and the relative distances between
them.
In the literature two major methods of somatosensory feedback
perturbation have been studied with respect to motor speech altera-
tions: the application of mechanical force fields to articulators during
speech and the use of oral anesthesia. The outcome of these studies was
variably reported along the lines of the classical scheme of articulatory
dysfunctions with the description of additions, omissions, substitutions
and especially distortions, or alternatively with measures of physiolo-
gical variables such as movement amplitudes and articulatory positions.
In a series of studies by Gracco and Abbs (1985, 1988, 1989) lower
lip perturbations were evoked with a system that applied variable loads
on the lower lip at different times related to speech onset. Their results
suggest a calibrated compensation of movement amplitudes in different
articulators, such as upper and lower lip and jaw (Gracco & Abbs, 1985,
1988, 1989), which illustrates the potential of feedback mechanisms to
allow flexible adaptations to mechanical interference. These findings
were corroborated by Kelso, Tuller, Vatikiotis-Bateson, and Fowler
(1984) and Shaiman (1989) who used similar methodologies and
stressed the specificity of the compensatory movement adaptations to
the utterance produced. Kelso et al. (1984) notably reported the ab-
sence of distortions of speech during feedback perturbation. Feng,
Gracco, and Max (2011) investigated the effects of perturbation of
auditory and somatosensory feedback, both separately and simulta-
neously, on vowel-related articulatory movements. For this purpose
they shifted up the first formant frequency in the auditory feedback
signal and mechanically interfered with the extent of jaw opening by
means of a robotic device. They confirmed a dynamic articulatory
adaptation to auditory feedback disturbance in all conditions, with or
without jaw opening perturbation. However, compensations during
mechanical interference were only marked when no auditory pertur-
bance was given. The authors thus concluded that sensorimotor adap-
tation during speech relies on a complex integration of somatosensory
and auditory feedback, but with a probable hierarchical dominance of
auditory feedback. Lametti, Nasir, and Ostry (2012) used a very similar
approach and methodology during speech motor learning. Their results
were not entirely consistent with Feng, Gracco, & Max, since they could
not confirm a dominance of auditory feedback. They suggest a stable
and individualized preference for auditory or somatosensory feedback.
The effects of oral anesthesia on motor speech were noticed very
early in cases of trigeminal block anesthesia for dental procedures.
McCroskey (1958) and McCroskey, Corley, and Jackson (1959) re-
ported speech distortions in patients undergoing block anesthesia.
These observations were corroborated by Ringel and Steer (1963).
Importantly, it was soon confirmed that these motor speech effects of
mandibular blocks, and even of topical anesthesia to the palate, were
solely the consequence of somatosensory alterations since primary
motor function remained unaffected (Schliesser & Coleman, 1968).
Gammon, Smith, Daniloff, and Kim (1971) studied 8 subjects who were
investigated before and during anesthesia with 30 pairs of sentences.
They found misarticulations in 20% of consonants, while vowel pro-
nunciations were not affected. Similarly, Borden, Harris, and Oliver
(1973) studied 7 adults who had to repeat 63 sentences for a panel of
listeners and two transcribers. They stressed a strong variability in the
effects on motor speech, but nevertheless found distortions in 23% of
speech elements. Putman and Ringel (1976) concentrated on the ar-
ticulatory movements during trigeminal block anesthesia, using ciner-
adiography of articulators. They were able to demonstrate a loss of
precision in lip closure and tongue articulations, as well as alterations in
jaw positions during speech.
The results of these experiments do not allow to confirm that the
deviant patterns of speech production resulting from disrupted soma-
tosensory feedback have the characteristics of ataxic speech or any
other of the classical dysarthria types. However, the presence of ar-
ticulatory inaccuracy with vowel distortions and imprecise consonants
is well known in ataxic dysarthria (Duffy, 2013); incoordination with
variable amplitudes during movement, which is characteristic for
ataxia, may result in “misarticulation” of consonants. Nevertheless, the
assumption that speech would become ataxic after somatosensory in-
terference, similar to the development of sensory ataxia in locomotion,
remains hypothetical.
This report focusses on the consequences of somatosensory input
perturbation on standardized and objective acoustic and articulatory
measures of speech. For this purpose, a topical anesthesia of the or-
obuccal mucosa was applied with a local anesthetic. In addition, dif-
ferential effects on initial and final consonants and medial vowels in
artificial consonant-vowel-consonant phonemes were studied in order
to detect specific patterns elicited by manipulating somatosensory input
and to estimate intelligibility at phoneme level. Although our method of
inducing reduced sensibility primarily affects tactile sensibility, we
assume that it also affects the position sense of the articulators. We will
use the umbrella term of somatosensory feedback, taking into account
the considerations on tactile and proprioceptive oral sensibility men-
tioned above (Haggard & de Boer, 2014). Based on the DIVA model
complemented with notions from neuro-anatomy and clinical neu-
rology mentioned above, we expected at least some findings consistent
with a cerebellar involvement in the articulatory characteristics that
would result from topical anesthesia of the orobuccal structures.
2. Materials and methods
2.1. Participants
Twenty-four healthy participants (11 male, 13 female) with age
ranging from 18 to 23 years were included in this study. None of the
participants had a history of developmental or acquired speech or
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language disorders. Neurological or psychiatric disorders or current
oral or upper airway complaints and hearing disorders were excluded.
There was no intake of medication that could interfere with sensory or
motor functions.
2.2. Procedure
To assess the effects of reduced somatosensory feedback on speech
motor function and intelligibility, the participants were evaluated three
times: once in a normal condition without anesthesia (Wo), and twice
with local anesthesia of the articulators (WA1 and WA2 respectively).
These three evaluations were performed in a randomized order, how-
ever the two anesthesia conditions were always evaluated directly fol-
lowing each other (WA1-WA2-Wo or Wo-WA1-WA2).
In order to obtain local anesthesia, lidocaine 10% spray was used.
Lidocaine exerts its anesthetic action through the blocking of sodium
ion channels in neuronal membranes, preventing depolarization of
neurons. When used as a topical product, its local anesthetic action may
last anywhere between 20 min and 2–3 h (Tetzlaff, 2000). The anes-
thetic was first sprayed into a glass container. Cotton swabs were
dipped in the liquid and applied to the lips, the tongue, the gums and
the hard and soft palate in that order. A plastic tooth pick was used to
gently prick the mucosa in the different anesthetized locations in order
to verify the degree of anesthesia by asking the participants for the
remaining sensation. Speech testing was only started if the participant
indicated clear and reproducable absence of pricking sensation from the
tooth pick in all of the orobuccal structures to which the anesthetic was
applied. In case of incomplete anesthesia, additional lidocaine was
applied and verification of sensation was done again. The time between
the different evaluations depended on the randomized order of the
evaluations; if the procedure was started with WA1 and WA2, the time
between WA2 and Wo varied depending on the time needed to recover
from the anesthesia, meaning that sensation had returned to normal.
Between WA1 and WA2 additional lidocaine was applied to sustain the
topical anesthesia and sensation was verified again.
In each of the three conditions a series of tests was performed. These
consisted of
1. objective measurements of acoustic and motor speech character-
istics, including second formant and diadochokinetic parameters.
These were obtained by means of instrumental analysis through
Praat (version 6.1) and the Motor Speech Profile (KayPENTAX),
running on a MacBook Pro laptop. Speech segments for instrumental
analysis were recorded using a Behringer ECM8000 condenser mi-
crophone. Second formant analysis was done for vowel [a:].
Regarding the diadochokinetic task, in this study only the alter-
nating motion rates (AMR) were tested (/pa/pa/pa/), as required by
the protocol for the Motor Speech Profile. Sequential motion rates
(SMR) (/pa/ta/ka/) were not tested.
2. speech intelligibility at a phoneme level, as evaluated by the NSVO
(Dutch Speech Intelligibility Test). This is a standardized test with
normative values for the Dutch speaking community, which consists
of the evaluation of the intelligibility of 50 artificial words of the
consonant-vowel-consonant wordform, from which 19 are evaluated
for the initial consonant, 15 for the final consonant and 16 for the
medial vowel. For each of these 3 categories of wordforms (initial,
final, medial) the test contains different lists which have been va-
lidated to be equally difficult. As the participants were asked to
choose different lists in each of the three conditions (WA1, WA2,
Wo), no learning curve was involved. Intelligibility for initial con-
sonant, final consonant and medial vowel was assessed by a Dutch
native speaker (MDL) The evaluator was blinded for the condition in
which the respective samples were obtained and samples were
evaluated with randomization across subjects and conditions in
order to avoid learning effects and expectation bias. In view of the
artificial nature of the words, semantic or contextual clues were
absent in the stimuli. For each subject and in every condition a short
stretch of spontaneous speech was recorded in order to allow a
general appreciation of speech and a perceptual description of
speech sound disorders that could be expected based on prior stu-
dies with orobuccal anesthesia.
The entire procedure was approved by the local Ethics Committee of
the Ghent University Hospital.
2.3. Data analysis
Using SPSS25 as a platform for statistical analysis, the instrumental
and intelligibility data were compared between the three evaluation
moments Wo, WA1, and WA2. First, all data from every condition were
tested for normality with the Shapiro-Wilk test and QQ-plots. In case of
normally distributed data, a paired samples t-test was performed to
investigate potential differences between the conditions. In the event
that data were not normally distributed, a non-parametric Wilcoxon
signed rank test was used instead.
For the intelligibility data, potential differences were investigated
for the overall outcome score of the NSVO. In addition, differences
between the intelligibility of the initial consonant, the final consonant
and the medial vowel were compared, in order to detect differential
effects on any of these three components. Finally, an extensive error
analysis was conducted for each of the three components. For the initial
consonant, errors were judged based on articulation place and manner,
voicing and omissions. For the final consonant, a similar judgment was
made, however without voicing since in Dutch final consonants are not
voiced. Errors for the medial vowel were evaluated for articulation
place, height, roundedness, length, and diphthong.
Errors in place of articulation can be considered as substitutions,
while distortions were considered to correlate rather to errors in ar-
ticulation manner. However, severe distortions may cross a perceptual
boundary leading to perception of a different sound, hence representing
a substitution error.
In order to decrease the likelihood of rejecting potentially inter-
esting differences between conditions with and without anesthesia,
especially those related to cerebellar characteristics as described above,
we did not use correction for multiple comparisons. (Armstrong, 2014)
3. Results
The topical application of lidocaine and local anesthesia was well
tolerated by all subjects. The maximum duration of local anesthesia was
90 min. None of the subjects experienced unwanted phenomena beyond
the local effects. All the subjects were able to perform a complete set of
evaluations in the three conditions as described.
3.1. Instrumental data
The average scores and standard deviations for all diadochokinetic
parameters and second formant measurements are shown in Table 1,
along with the results of the statistical analysis of a potential difference
between the three evaluations of each parameter (p-values).
Diadochokinetic parameters were determined to investigate the ef-
fects of the absence of somatosensory feedback on articulatory precision
and speed. A significant difference was found for the “average DDK
period” between Wo and WA1 (Z = −2.371; p = .018) and between
Wo and WA2 (Z =−2.403; p = .016). A similar pattern was found for
“average DDK rate” (Wo-WA1: Z = −2.486, p = .013; Wo-WA2:
Z = −2.403, p = .016). These are measures for the average duration
and rate respectively of the investigated syllables in the diadochoki-
netic task. In both cases there was no significant difference between
WA1 and WA2. For the parameter “perturbation of DDK period” a
significant difference was found between Wo and WA1 (Z = −1.971,
p = .049). This is a measure of the degree of variance of the duration of
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the syllables, thus indicating the ability to maintain a constant vocali-
zation rate.
The second formant corresponds to the horizontal position of tongue
elevation during the vowel [a:] production. There were no significant
differences between the three measurements for any of the parameters
related to the second formant.
3.2. Intelligibility
The results for the intelligibility assessment based on the NSVO test
are presented in Table 2.
The total NSVO score was significantly different between Wo and
WA1 (Z = −3.513, p < .001) and between Wo and WA2
(Z =−3.064, p < .001). There were no differences between WA1 and
WA2.
Significant differences for the initial consonants were found be-
tween Wo on the one hand and WA1 (Z =−3.342, p = .001) and WA2
(Z = 2.991, p = .003) on the other hand. The error analysis for the
initial consonant indicated an increase of errors for articulation place,
manner, and voicing when anesthesia was applied (Fig. 2). As for ar-
ticulation place, errors mainly involved labiodentals and alveolars,
which were frequently perceived as bilabials or velars. Regarding ar-
ticulation manner, especially semi-vowels and fricatives proved to be
affected. Most often the targeted sounds were perceived as plosives or
semi-vowels. The errors in voicing included both increases and de-
creases of voicing, without a clear difference between the frequencies of
both.
Similarly, a significant deterioration of intelligibility of the final
consonants between Wo and WA1/WA2 (Wo-WA1: Z = −3.005,
p = .003; Wo-WA2: Z = −3.234, p = .001) was found. The error
analysis indicated mainly errors in articulation place (Fig. 3). Especially
bilabials in final word positions were substituted by an alveolar in both
WA1 and WA2.
In contrast to the findings for initial and final consonants, no sig-
nificant differences in intelligibility were found between any of the
three measurements of medial vowels, although some level of vowel
distortion during anesthesia was found in the spontaneous speech of 5
subjects. This distortion was in both subjects interpreted as a reduction
of oral resonance. In 2 subjects speech sound alterations were perceived
as interdentalization affecting initial consonants during spontaneous
sentence production. Since we did not specifically test for oral, lingual
or jaw movements, we can only speculate abouth the possibility of
dynamic adaptations of mouth width and articulatory movements as a
potential explanation for these perceptual findings (e.g. Putman &
Ringel, 1976).
4. Discussion
The present study investigates the influence of disrupting somato-
sensory feedback on objective measures of articulatory diadochokinesia
and second formant formation, as well as on the intelligibility of initial
and final consonants and medial vowels in artificial consonant-vocal-
consonant strings. The results indicate that reducing sensory feedback
impedes the performance of rapid articulatory movements. In the
conditions with topical anesthesia of orobuccal structures there was a
reduced average rate and an increased average duration of cycles
during diadochokinetic tasks, accompanied by an increased variation of
cycle-to-cycle period during diadochokinesis. In addition, a reduced
intelligibility of initial and final consonants was found. In consonant
formation there seems to be a preferential interference with articulation
place, leading to consonant substitutions. In contrast, vowel intellig-
ibility and second formant characteristics were not affected by an-
esthesia of orobuccal structures, although vowel distortions were noted
due to decrease of oral resonance.
These findings can easily be correlated with the DIVA model out-
lined above (Tourville & Guenther, 2011) (Fig. 1). The reduction of the
somatosensory feedback modality limits the real-time follow-up of
speech output to the auditory target map, as the information to be
compared to the somatosensory target map is reduced in view of the
absence of information on the position of the articulators. This leads to
two types of articulation errors, which we might call primary and
secondary errors. Primary errors refer to defective positioning of ar-
ticulators as a direct result of lost somatosensory feedback. These will
primarily affect the formation of consonants. Secondary errors result
Table 1
Instrumental analysis of speech samples in the different conditions, with their respective statistical comparisons. P-values below 0.05 are indicated with an asterisk*.
Parameter Wo mean (SD) WA1 mean (SD) WA2 mean (SD) Wo-WA1 p-value Wo-WA2 p-value WA1-WA2 p-value
Average DDK period (ms) 178.20 (63.095) 220.73 (106.519) 191.39 (54.645) 0.018* 0.016* 0.407
Average DDK rate (/s) 5.92 (0.991) 5.14 (1.379) 5.48 (0.979) 0.013* 0.016* 0.407
Standard deviation of DDK period (ms) 68.15 (140.597) 113.88 (164.534) 90.94 (152.624) 0.031* 0.338 0.136
Coefficient of variation of DDK period (%) 27.59 (29.548) 38.59 (29.736) 37.98 (38.497) 0.01* 0.144 0.568
Perturbation of DDK period (jitter) (%) 8.09 (17.024) 9.79 (14.009) 5.67 (6.739) 0.049* 0.456 0.53
Average DDK peak intensity 63.92 (13.759) 66.03 (4.088) 65.57 (4.384) 0.477 0.338 0.429
Standard deviation of DDK peak intensity (dB) 2.52 (1.283) 2.46 (0.989) 2.40 (0.951) 0.879 0.858 0.659
Coefficient of variation of DDK peak intensity (dB) 6.68 (15.073) 3.68 (1.466) 3.67 (1.402) 0.864 0.693 0.775
Maximum intensity of DDK sample (dB) 70.24 (4.235) 71.26 (4.377) 70.22 (3.891) 0.24 0.72 0.4
Average intensity of DDK sample (dB) 58.46 (3.110) 58.30 (3.121) 57.89 (3.057) 0.677 0.505 0.79
Magnitude of F2 variation (Hz) 227.92 (86.583) 215.97 (92.485) 206.72 (70.728) 0.524 0.186 0.551
Rate of F2 variation (/s) 2.43 (1.112) 2.49 (0.918) 2.58 (1.225) 0.852 0.707 0.948
Regularity of F2 variation (%) 64.84 (14.876) 62.10 (15.351) 60.32 (11.881) 0.77 0.263 0.924
Average F2 value (Hz) 1529.39 (151.915) 1555.60 (164.741) 1561.93 (154.331) 0.187 0.165 0.765
Minimum F2 value (Hz) 908.09 (222.592) 952.83 (219.065) 956.04 (230.355) 0.344 0.447 0.811
Maximum F2 value (Hz) 2374.39 (283.175) 2346.61 (314.124) 2405.33 (357.809) 0.526 0.683 0.366
Table 2
Scores on the intelligibility test (NSVO) in the different evaluations and their respective comparisons. P-values below 0.05 are indicated with an asterisk*.
Wo mean (SD) WA1 mean (SD) WA2 mean (SD) Wo-WA1 p-value Wo-WA2 p-value WA1-WA2 p-value
Total NSVO outcome (/50) 45.67 (2.944) 42.04 (4.457) 41.63 (7.113) <0.001* < 0.001* 0.762
NSVO outcome part A – initial consonants (/19) 17.17 (1.606) 15.42 (2.412) 15.75 (2.541) 0.001* 0.003* 0.519
NSVO outcome part B – final consonants (/15) 13.75 (1.294) 12.42 (1.666) 12.17 (2.565) 0.003* 0.001* 0.832
NSVO outcome part C – medial vowels (/16) 14.75 (1.294) 14.21 (1.641) 13.71 (2.774) 0.124 0.078 0.621
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from attempts to compensate for these difficulties, which may result in
substitution of consonants to closely related consonants which require
less effort to produce. This was especially clear in initial consonants,
where alveolars and labiodentals were mostly replaced by velars and
bilabials.
There is a remarkable difference between the effects of orobuccal
anesthesia on the production of vowels and consonants. This indicates a
much stronger reliance on somatosensory feedback for the production
of consonants. Although our study was not specifically designed for a
comparison of auditory and somatosensory feedback disturbance, our
results are not inconsistent with the findings of Feng et al. (2011),
which suggested auditory feedback to be more contributive to vowel
production than somatosensory feedback. Vowel production and dif-
ferentiation relies on minimal adjustments of articulator positions, such
as jaw opening and tongue elevation, reflecting first and second for-
mant formation respectively. Auditory perception of disturbed formant
frequencies leads to adaptations in articulator positions to correct for-
mant frequency in the opposite directions of the change (Houde &
Jordan, 1998; MacDonald, Purcell, & Munhall, 2011). However, it
cannot be ruled out that vowel formation may become more dependent
on somatosensory feedback in case of severe auditory dysfunction and
large discrepancies between auditory and somatosensory feedback
(Katseff, Houde, & Johnson, 2012).
A final consideration can be made regarding the correlation of our
findings with the nature of symptoms in clinical disorders, especially
relating to cerebellar disease. There has been a tremendous paradigm
shift in our views on cerebellar function over the past two decades.
However, the role of the cerebellum in motor function, including
speech, remains undisputed. When considering limb or gait ataxia, two
situations are classically discriminated (Bastian, 1997). The first is the
classical ataxic phenomenology, resulting from a dysfunction in the
cerebrocerebellar subsystem, which includes the cerebro-ponto-cere-
bellar fibers, the cerebellar lateral hemispheres, the dentate nucleus,
and the dentato-rubro-thalamic tract. This leads to a disorder of co-
ordination with a disrupted organisation of temporo-spatial aspects of
movement as regulated by agonist-antagonist interactions, reflected
primarily in dysmetria. There is a second form of ataxia, called sensory
ataxia, caused by a defective feedback as a result of sensory dysfunc-
tion, which leads to a dysfunctional input to the spinocerebellum,
which is localized rather paravermally, along with more intermediate
cerebellar nuclei that project to the thalamus. The spinocerebellum
receives its input from spinal sensory tracts and from the trigeminal
nerve and is essentially involved in estimating the position of body
parts. Considering these data, it can be assumed that the finding of a
speech-related cerebellar area in the paravermal area of the right su-
perior cerebellum (Ghosh et al., 2008) probably reflects a feedforward
somatosensory area. It is tempting to hypothesize that the disrupted
speech found in the present study, as a result of orobuccal anesthesia
and decreased somatosensory input to the cerebellum, consitutes a
speech correlate of sensory ataxia. One specific finding supporting this
claim could be the alterations in diadochokinesis. This study was not
designed to detect features of ataxic dysarthria in connected speech,
and it would be interesting to include this issue in future studies using
topical anesthesia of orobuccal structures. Studying connected speech
would allow the appreciation of prosodic alterations in addition to in-
vestigations of articulation and co-articulation. In order to exclude se-
mantic interference it might be considered to use nonsense sentences.
Ideally, such a study could also involve a comparison and a
Fig. 2. Error analysis of the initial consonants. Total number of errors across all subjects in the different conditions.
Fig. 3. Error analysis of the final consonants. Total number of errors across all subjects in the different conditions.
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combination of orobuccal anesthesia and auditory masking, as to allow
the investigation of differential and hierarchical effects on motor
speech.
Although the claim that local anesthesia would lead to alterations in
speech consistent with cerebellar dysfunction remains speculative, this
hypothesis is not inconsistent with previous research suggesting the
existence of subtypes of ataxic dysarthria (Spencer & Dawson, 2019;
Spencer & France, 2016). These subtypes may depend either on the
disruption of spinocerebellar areas, resulting in disrupted feedforward
projections, or alternatively on the implication of the cerebrocer-
ebellum, resulting in primary motor coordination dysfunction. These
types of sensory and pure (motor) ataxic dysarthria would then be
distinguishable based on the effects of auditory masking on the severity
of dysarthria. This hypothesis, however, needs to be validated by
clinico-radiological correlations.
5. Conclusion
Somatosensory feedback has a major contribution to speech pro-
duction, especially for the formation of consonants and the execution of
rapid and precise articulatory movements. Reduction of somatosensory
feedback results in decreased intelligibility. Although this research
should be further extended to studies on intelligibility on the sentence
level, the results clearly indicate the importance of somatosensory
feedback, which may be relevant for clinical evaluations of dysarthric
patients. On a fundamental level, the findings of this study may allow
the formulation of hypotheses for further differentiation of dysarthria
subtypes.
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